Abstract: Degradation of hybrid layers created in primary dentin occurs as early as 6 months in vivo. Biomimetic remineralization utilizes ''bottom-up'' nanotechnology principles for interfibrillar and intrafibrillar remineralization of collagen matrices. This study examined whether imperfect hybrid layers created in primary dentin can be remineralized. Coronal dentin surfaces were prepared from extracted primary molars and bonded using Adper Prompt L-Pop and a composite. One-millimeter-thick specimen slabs of the resin-dentin interface were immersed in a Portland cement-based remineralization medium that contained two biomimetic analogs to mimic the sequestration and templating functions of dentin noncollagenous proteins. Specimens were retrieved after 1-6 months. Confocal laser scanning microscopy was used for evaluating the permeability of hybrid layers to Rhodamine B. Transmission electron microscopy was used to examine the status of remineralization within hybrid layers. Remineralization at different locations of the hybrid layers corresponded with quenching of fluorescence within similar locations of those hybrid layers. Remineralization was predominantly intrafibrillar in nature as interfibrillar spaces were filled with adhesive resin. Biomimetic remineralization of imperfect hybrid layers in primary human dentin is a potential means for preserving bond integrity. The success of the current proof-of-concept, laterally diffusing remineralization protocol warrants development of a clinically applicable biomimetic remineralization delivery system.
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INTRODUCTION
Caries continues as the most prevalent problem in pediatric dentistry despite significant advances in prevention over the past few decades. According to the NIDCR Strategic Plan, 1 ''dental caries begins early in life: 18% of preschoolers in the U.S. have already experienced tooth decay and by age 6-8, more than half have experienced this disease-making it 5-8 times more common than asthma. By age 17, more than 80% of the adolescent population is affected by caries.'' Failure of dental restorations is a major concern in pediatric dental practices. 2 Resin composites are more esthetic and lack undesirable metals, but have shorter lifetimes than amalgams, especially in molar teeth. 3 The risk of secondary caries is 3.5 times higher in resin composite than in amalgam restorations. 4 This declined performance is caused, in part, by the failure of adhesive resin-dentin bonds that are used to join the composites to dentin.
Resin-dentin bonds created in primary teeth by contemporary adhesives are imperfect. 5 In vivo degradation of hybrid layers in primary dentin occurs as early as 6 months after intraoral function. 6 Bond degradation occurs via water sorption, hydrolysis of ester linkages of methacrylate resins, and activation of endogenous dentin matrix metalloproteinases (MMPs). 7 Degradation of denuded collagen within hybrid layers may be prevented in vivo by the application of chlorhexidine as a MMP inhibitor. 6, 8 As chlorhexidine possesses only limited substantivity, 9 the strategy of using chlorhexidine to prevent degradation of hybrid layers has been recently challenged. There is also concern regarding the presence of a resin-sparse, demineralized dentin zone which is susceptible to creep or cyclic fatigue during function. Recent studies, for example, demonstrated that mechanically damaged collagen is more susceptible to proetolysis 10 and demonstrated a reduction in its thermal stability. 11 Theoretically, the experimental use of ''ethanol wet bonding'' enables more hydrophobic resins to be applied to dentin for extending the longevity of resin-dentin bonds. 12 As the technique is water-sensitive, 13 it is dubious whether this protocol is clinically useful for bonding to deep, vital dentin.
Collagen fibrils that are stabilized by intrafibrillar and interfibrillar apatite crystallites in mineralized tissues do not degrade over time.
14 Thus, remineralization of incompletely resin-infiltrated hybrid layers appears to be the logical approach for extending the longevity of resin-dentin bonds. Biomineralization studies based on classical ''top-down'' approaches 15 could only provide evidence of extrafibrillar mineral precipitation. 16 These precipitates are too large to fit into the gap zones of collagen fibrils to restore the mechanical properties of mineralized tissues. 17, 18 A nanotechnology-inspired biomimetic remineralization scheme has been recently developed. 19 This biomimetic remineralization scheme involves the use of Portland cement and a simulated body fluid to produce apatite via a transient amorphous calcium phosphate. 20 In addition, it utilizes two polyanionic analogs to mimic the dual functions of dentin matrix proteins in sequestering amorphous calcium phosphate nanoprecursors, and acting as template molecules for guiding the intrafibrillar deposition of apatite crystallites within collagen fibrils of mineralized tissues. 21 This remineralization scheme represents an example of the timely, nonclassical ''bottomup'' 15 particle-mediated pathway of crystallization, wherein fluidic nanoprecursors stabilized by polymer molecules are transformed into mesocrystalline intermediates which eventually fuse to create single microscopic crystals. 22 The aforementioned biomimetic remineralization scheme has been adopted for remineralization of hybrid layers created in dentin derived from the permanent dentition (Fig. 1) . 23 These data, which were based on lateral diffusion of remineralization components into sectioned specimens, provided the proofof-concept of the viability of intrafibrillar and interfibrillar remineralization of incompletely resin-coated collagen fibrils within hybrid layers. Nevertheless, the sites of in vitro biomimetic remineralization within the hybrid layers were highly reminiscent of the sites of in vivo hybrid layer degradation observed in permanent teeth. 8 To date, it is known that degradation of hybrid layers occurred in primary teeth in vivo. 6 Primary dentin has been shown to differ from permanent dentin in both mechanical properties and mineral content. 24, 25 For example, the hardness and tensile strength of sound primary dentin are lower than those properties derived from sound permanent dentin. Differences in hardness and modulus of elasticity were also observed between bonded sound and bonded caries-affected dentin in primary teeth. Despite these differences, there is no data to support that imperfect hybrid layers created in primary dentin can likewise be remineralized Figure 1 . A biomimetic remineralization scheme that has been adopted for remineralization of poorly resin-infiltrated hybrid layers created in permanent dentin. This remineralization scheme utilizes two biomimetic analogs of dentin noncollagenous proteins for (1) sequestration of amorphous calcium phosphate nanoprecursors; and (2) acting as templates for guiding the deposition of apatite crystallites within (intrafibrillar remineralization) and around the collagen fibrils (intrafibrillar remineralization). using a biomimetic approach. Thus, the objective of the present study was to examine, with the complementary use of confocal laser scanning microscopy (CLSM) and transmission electron microscopy (TEM), whether hybrid layers created by an aggressive one-step self-etch adhesive in primary dentin can be remineralized at the proof-of-concept level using an open-face model of a dual biomimetic analog-containing remineralization scheme.
MATERIALS AND METHODS

Dentin bonding
Twelve noncarious primary molars, extracted for orthodontic reasons, were used for the study. The teeth were collected after the parents' informed consent was obtained under a protocol reviewed and approved by the Human Assurance Committee of the Medical College of Georgia. They were stored in 0.9% NaCl supplemented with 0.02% sodium azide solution to prevent bacterial growth and were used within a month after extraction. A flat dentin surface was prepared perpendicular to the longitudinal axis of each tooth using a low-speed Isomet diamond saw (Buehler Ltd., Lake Bluff, IL) under water-cooling. The occlusal dentin surface was polished with a 320-grit silicon carbide paper attached to an Ecomet III variable speed grinder-polisher (Buehler Ltd.) under running water to create a bonding surface that was devoid of enamel. Adper Prompt L-Pop (3M ESPE, St. Paul, MN) was applied to the dentin surface and agitated for 15 s after the two parts of adhesive was mixed according to manufacturer's instruction. The adhesive was gently air-dried and light-cured for 40 s using a quartz-tungsten-halogen light-curing unit with an output intensity of 600 mW/cm 2 . This was followed by incremental placement of two 2-mm thick layers of a resin composite. Each layer was light-cured separately for 40 s each. The bonded teeth were stored in 378C water for 24 h. Each tooth was then sectioned occluso-gingivally into 1-mm-thick slabs, each containing the resin-dentin interface. Two central slabs from each tooth were selected for the study, one slab for the control group and the other slab for the experimental group (N 5 12).
Remineralization medium
Type I white Portland cement (Lehigh Cement Company, Allentown, PA) was mixed with deionized water in a water-to-powder ratio of 0.35:1, placed in flexible silicone molds and allowed to set and aged at 100% relative humidity for 1 week before use. A simulated body fluid (SBF) was prepared by dissolving 136.8 mM NaCl, 4.2 mM NaHCO 3 , 3.0 mM KCl, 1.0 mM K 2 HPO4Á3H 2 O, 1.5 mM MgCl 2 Á6H 2 O, 2.5 mM CaCl 2 , and 0.5 mM Na 2 SO 4 in deionized water 26 and adding 3.08 mM sodium azide to prevent bacterial growth. This SBF also served as the control remineralization medium, which contained no biomimetic analogs, for the preparation of the biomimetic remineralization medium, 500 lg/mL of polyacrylic acid (MW 5 1800; Sigma-Aldrich, St. Louis, IL) and 200 lg/mL of polyvinylphosphonic acid (MW 5 24,000; SigmaAldrich) were added to the SBF as dual biomimetic analogs. All solutions were buffered to pH 7.4 with 0.1M Tris Base or 0.1M HCl.
Biomimetic remineralization
Each experimental specimen slab was placed over a set Portland cement block (ca. 1 g) inside a glass scintillation vial. The latter was filled with 15 mL of SBF containing the two biomimetic analogs. Each glass vial was capped to prevent evaporation of the solution and stored in an incubator at 378C. The remineralization medium was changed every month, with its pH (after inclusion of Portland cement blocks) monitored weekly so that it was above 9.25. This ensured that apatite was formed instead of octacalcium phosphate. 27 Experimental specimens were retrieved after 1-6 months (two slabs per month). Each specimen was first examined with CLSM for the presence of porous zones within the hybrid layers that were permeable to an aqueous fluorescent dye. 28 After CLSM examination, the specimen was processed for TEM examination of the extent of remineralization within the hybrid layers. Control specimens were similarly placed over set Portland cement blocks in glass scintillation vials that were filled with 15 mL of SBF only. Two control specimens were also retrieved at the corresponding time intervals for CLSM and TEM examination.
Confocal laser scanning microscopy
Control and experimental slabs were polished under running water with a wet 1200-grit silicon carbide paper. Each polished slab was ultrasonicated for 5 min and immersed in a 0.1 wt % Rhodamine B solution (MW 5 479, Sigma-Aldrich) dissolved in phosphate-buffered saline (pH 5 7.4). 28 After 24 h, the dye-infiltrated slabs were rinsed with deionized water briefly and examined using a CLSM (LSM 510 META; Carl Zeiss, Thornwood, NY) that was coupled with a helium neon gas laser (80% of 543 nm excitation, 1.2 mW). A water immersion objective (C-Apochromat 63x/1.2 Carl Zeiss, Canada) was used for capturing images commencing at 5 lm beneath the polished surface to avoid superficial specimen preparation artifacts.
Transmission electron microscopy
Following CLSM examination, each slab was ultrasonicated in demineralized water for 5 min to remove the fluorescent dye. The control and experimental slabs were fixed in Karnovsky's fixative and postfixed in 1% osmium tetroxide. After fixation, each specimen slab was rinsed three times with sodium cacodylate buffer. The slab was dehydrated in an ascending ethanol series (50-100%), immersed in propylene oxide as a transitional medium and embedded in epoxy resin. 29 For each monthly exami-nation period, one 2 mm 3 2 mm epoxy-resin infiltrated block was prepared from each control slab (i.e., 1 block 3 2 slabs 5 2 specimens), while two 2 mm 3 2 mm epoxyresin infiltrated blocks were prepared from each experimental slab (i.e., 2 block 3 2 slabs 5 4 specimens). Nondemineralized, 90-nm-thick sections were prepared and examined without further staining using a JEM-1230 TEM (JEOL, Tokyo, Japan) at 110 kV.
RESULTS
Control specimens examined after 1-6 months exhibited no remineralization in the hybrid layers over the entire examination period. Under CLSM, Rhodamine B was readily identified throughout the entire hybrid layer [ Fig. 2(A) ]. Transmission electron microscopy of the same specimen revealed a 5-8 lm thick layer of completely demineralized dentin that was devoid of intrafibrillar and interfibrillar mineral crystallites [ Fig. 2(B) ].
Remineralization of the hybrid layers in the experimental group became evident after 2 months. Heavy remineralization was seen between 3 and 4 months and did not improve further (i.e., self-limiting) after 4 months. Remineralization was most frequently observed along the base of the hybrid layers. Figure  3 (A) is a CLSM view of a 6-month-old specimen. Reduced fluorescence was predominantly identified within the hybrid layer as well as within resin tags in the dentinal tubules in the underlying mineralized dentin base. Figure 3 (B,C) are experimental specimens that had undergone two and six months of biomimetic remineralization, respectively. Remineralization commenced from the base of the hybrid layer and did not proceed more than 4-5 lm from the mineralized base. In other experimental specimens, remineralization was observed either from the top [ Fig. 4(A,B) ] or the middle [ Fig. 4(C,D) ] of the hybrid layers. For some 4-6 month specimens, extensive remineralization that spanned across the entire thickness of the hybrid layers could be identified [ Fig. 5(A,B) ].
An example of intrafibrillar remineralization that occurred during the early stages of remineralization (2 months) is shown in Figure 6(A) . Some of the collagen fibrils along the base of the hybrid layer did not remineralize and remained electron-lucent. In stark contrast, adjacent collagen fibrils were heavily remineralized with intrafibrillar plate-like crystallites that were oriented along the longitudinal axis of the fibrils. An example of a more heavily remineralized status that was seen in the 4-6 month specimens is depicted in Figure 6 (B). Along the surface of the hybrid layer, a shag carpet-like appearance of tufted collagen fibrils 30 could be seen in which there was partial unraveling of the fibrils along their severed ends. Heavy intrafibrillar remineralization was identified within these partially unraveled collagen fibrils.
DISCUSSION
The mineral content, modulus of elasticity, and hardness of primary dentin are lower than those of permanent dentin. 24, 25 Conversely, dentinal tubular density is higher and the diameter of the dentinal tubules are wider in primary dentin. 31 These inherent morphologic differences account for the disparity in mechanical properties between bonded primary dentin and bonded permanent dentin, 32 as well as the lower bond strengths of resin restorations in primary dentin. 33, 34 These factors could also have contributed, in part, to the faster degradation of hybrid layers created in vivo in primary dentin 6 versus those produced in vivo in permanent dentin by the same adhesive. 8 Mineralized collagen matrices are more stable than soft collagenous tissues in their ability to resist thermal denaturation 35 and degradation by host matrix-derived MMPs. 36 Thus, the rationale for examining the feasibility of replenishing poorly resin-infiltrated collagen fibrils in primary dentin hybrid layers with apatite minerals is well justified.
Previous studies on biomimetic remineralization were performed using TEM. This high-resolution microscopic technique generates excellent information on crystallite shape and structure but samples very small tissue volumes. In the present study, CLSM was used before TEM examination to provide a nondestructive means of examining larger tissue volumes. 25 Our CLSM and TEM of hybrid layers derived from the same specimens convincingly showed that those results were reciprocal. That is, regions with quenched fluorescence within the remineralized hybrid layers corresponded well with locations within the demineralized collagen matrices that became filled with intrafibrillar minerals. Earlier work by van der Veen et al. 37 demonstrated that the intensity of fluorescent dye penetrating an artificial carious dentin lesion was proportional to the porosity or loss in mineral density within the lesion. More recent work by Toroian et al. 38 provided additional data on the size exclusion characteristics of Type I collagen. In that study, water-soluble molecules smaller than 6 kDa were able to diffuse into the monolayer water compartments 39 of nonmineralized or demineralized collagen fibrils. A molecular cut-off point was identified in which molecules larger than 40 kDa were excluded from the interior of the collagen fibrils and hence could not access the water compartments within the fibrils. Rhodamine B has a molecular mass of 0.48 kDa and can easily penetrate collagen fibrils that are not infiltrated by resin or are partially resin-encapsulated. In the same study, Toroian et al. 38 demonstrated nicely that the internal water compartments in demineralized bone collagen were totally accessible to 14 C-glucose (molecular mass 5 0.18 kDa). Conversely, the passage of 14 C-glucose was dramatically reduced when demineralized bone collagen was replaced by mineralized bone collagen. Moreover, the reduction in glucose passage volume matched the bone volume that was occupied by apatite minerals. This provides a more comprehensive rationale for why intrafibrillar An important aspect of the present study is that the remineralization process was nonuniform. The self-limiting remineralization process reflected the original status in which those hybrid layers were infiltrated by the one-step self-etch adhesive. Two levels of heterogeneity could be recognized, one at the CLSM/TEM level (Figs. 3-5 ) and the other only at high TEM magnifications (Fig. 6) . The first level of heterogeneity is depicted by the different locations in which remineralization occurred within the hybrid layer. These variations may be the result of uneven distribution of hydrophobic and hydrophilic resin monomers within the hybrid layer. Adper Prompt L-Pop contains 2-hydroxymethyl methacrylate (HEMA) which prevents gross phase separation of the other mutually immiscible resin components into macroscopic droplets following evaporation of the adhesive solvent. 40 Nevertheless, heterogeneous distribution of the hydrophobic and hydrophilic resins may still occur at the nanoscopic level, 41, 42 in the presence of osmotically derived water from the underlying dentin. 43 This may result in regional variations in composition that may affect the degree of conversion, the extent of collagen fibril penetration and/or encapsulation, and the water sorption characteristics of the resin-infiltrated zone. The more hydrophilic resin-infiltrated zones within hybrid layers act as pathways of water diffusion and hence are more amendable to biomimetic remineralization. Based on the previously observed similarity between in vitro remineralized regions 23 and in vivo degradation sites 8 in hybrid layers formed by etch-and-rinse adhesives, it is highly probable that the remineralized sites depicted in Figures 3-5 represent regions that will undergo degradation after long-term storage.
The second level of heterogeneity occurs at the collagen fibrillar level. This is clearly exemplified by Figure 6 (A). Self-etching adhesives are supposed to etch and infiltrate dentin simultaneously. Thus, it is rather surprising that within an area of less than 1 lm 2 , some of collagen fibrils were heavily remineralized and densely packed with mineral platelets, Those collagen fibrils that were better infiltrated by the adhesive did not remineralize and appeared electron-lucent. An ordered arrangement of apatite platelets could be identified within those collagen fibrils that remineralized (arrow). The rationale for the use of biomimetic analogs is to generate apatite nanocrystals that are small enough to fit into the gap zones of the collagen molecules (i.e., intrafibrillar remineralization). (B) This view was taken from the dentin surface of a more heavily remineralized specimen. Interfibrillar spaces did not contain minerals as they were filled with adhesive resin. Cross-sections of the remineralized collagen fibrils (open arrowheads) clearly showed that they were fully packed with intrafibrillar minerals. Collagen fibrils along the dentin surface had a shag carpet-like appearance and were partially unraveled along their severed ends. Even these unraveled collagen fibrils were heavily remineralized with apatite nanocrystals (arrow).
while others remained completely unmineralized. Collagen fibrils contain $70 vol % water and 30 vol % collagen molecules at the physiologic level of hydration. 44 During the process of natural mineralization, water from the collagen fibrils is replaced with minerals. 45 Hence, the mineral contents of mineralized tissues are inversely proportional to their water contents. 46, 47 A recent study 48 utilized magnetic response microscopy to monitor the mineralization of collagen sponges via a ''bottom-up'' calcium carbonate mineralization system. 49 The study showed that there was a reduction in the mobility of the water molecules, as indicated by a reduction in the water proton transverse (T 2 ) relaxation times, 48 as water in the collagen fibrils was replaced by the amorphous calcium carbonate ''polymer-induced liquid precursors'' 49 that eventually transformed into intrafibrillar calcite crystallites. Collagen fibrils contribute an important role in mineralization by providing the aqueous compartment for mineral growth. As water is replaced by minerals, the lateral spacing of the collagen fibrils becomes more compact while there is no change in the axial dimension. 50 Thus, mineralization of collagen fibrils may be perceived as a dehydration process.
During demineralization, these processes are reversed as the minerals within the collagen fibrils are replaced with water and the fibrils rehydrate. Ideally, during adhesive resin infiltration of a demineralized collagen matrix, the 6-7 Å thick water monolayer 44 that separates the collagen molecules within the rehydrated collagen fibril is completely replaced by resin monomers. This should result in a co-continuous interfibrillar resin phase and intrafibrillar resin phase after polymerization. For more than a decade, there was no definitive proof on whether collagen fibrils are simply encapsulated by adhesive resins which form disconnected resin sheaths around the fibrils (interfacial model) or whether collagen molecules and microfibrils are penetrated and polymerized within the adhesive resin (interphasic model). 51 Data from the present study offers pivotal evidence that both models can coexist even within a very small region of the hybrid layer. The observation that remineralization did not occur in some fibrils suggests that water monolayers within the intrafibrillar spaces of those fibrils were completely replaced by resin monomers. As water is required for minerals to be deposited, residual water must be present within those adjacent fibrils that exhibited ultrastructural evidence of remineralization, with the corollary that the resins were merely encapsulating the fibrils to form resin sheaths. As water-soluble molecules below the molecular mass of 40 kDa readily diffuse into the water compartments of a collagen fibril, 38 all water-miscible resin components of Adper Prompt L-Pop (2-HEMA, 0.18 kDa; Di-HEMA phosphate 0.32 kDa) should be able to infiltrate collagen fibrils and either replace or blend with the water monolayers around the collagen molecules. If blending occurs, it is possible that a hydrogel is formed within the fibrillar network. This provides a plausible explanation of the heavier remineralization of the hybrid layers along the base of the hybrid layers [ Fig. 3(B) vs. Fig. 3(C) ]. Although Bis-GMA has a molecular mass of 0.51 kDa, the molecule is hydrophobic and is not readily miscible with water. Instead of diffusing into the internal water environment of the collagen fibril, phase separation of the Bis-GMA could have resulted in the monomer forming a resin sheath that traps water within collagen fibrils that are present in close proximity with those completely resininfiltrated fibrils.
If water-filled collagen matrices in the hybrid layer are not remineralized, these water-containing hybrid layers will remain imperfect irrespective of the use of MMP inhibitors. The value of extending the longevity of ''poor quality'' hybrid layers is really questionable from a functional perspective, even for primary sound dentin. After caries removal, clinical bonding surface is more likely to be a combination of sound dentin and caries-affected dentin. Cariesaffected dentin contains five times as much water as sound dentin because its mineral component is partially lost after exposure to acids produced by bacteria. 47 This significantly larger amount of water makes its replacement by adhesive resins during bonding more difficult as water interferes with the polymerization of the adhesive. In addition, the depth of caries-affected dentin is highly variable but can extend hundreds of microns below the excavated dentin surface. Unlike bonding to sound dentin tested in the current study in which the extent of imperfect bonds is less than 5 lm deep, the incompletely infiltrated zones in bonded caries-affected dentin may be more than 200 lm deep. Remineralization of incompletely infiltrated zone in the cariesaffected dentin is in progress to provide more convincing proof of our biomimetic remineralization scheme.
CONCLUSION
The use of CLSM in the current study provides a nondestructive means of examining larger tissue volumes to demonstrate the remineralized regions within hybrid layers. Nonuniform remineralization demonstrated by the complementary CLSM and TEM examination illustrates the heterogeneity in hybrid layers created in primary dentin that is infiltrated by an aggressive one-step self-etch adhesive.
Biomimetic remineralization of imperfect hybrid layers in primary human dentin, mainly in the form of intrafibrillar remineralization, may be a potential means for preserving resin-dentin bond integrity. The feasibility of the current proof-of-concept, laterally diffusing Portland cement-based remineralization protocol warrants the development of a clinically applicable biomimetic remineralization delivery system through the incorporation of two biomimetic analogs into the adhesive or resin composite.
